The pseudopeptide Gly-m-ABA (m-ABA = m-amino benzoic acid) has been chosen to study the formation of supramolecular structures through self-assembly. Single crystal X-ray diffraction studies reveal that the pseudopeptide Boc-Gly-m-ABA-OMe (1), where both N-and C-terminus are protected, self-assembles to a supramolecular helical structure, whereas the pseudopeptide Boc-Gly-m-ABA-OH (2) with free -CO 2 H at the C-terminus produces molecular staircase through self-assembly. Again the terminally unprotected pseudopeptide + NH 3 -Gly-m-ABA-CO 2 -(3) aggregates to a water mediated supramolecular β-sheet structure stabilized by intermolecular hydrogen bonds and π-π interactions. The study reveals that the terminally modified Gly-m-ABA generates various kinds of self-assembling building blocks that can fabricate different types of supramolecular architectures such as helix, β-sheet and staircase.
Introduction
In nature various biological systems such as rigid biomineralized shells and bones, 1 high-strength spider silks, 2 tobacco mosaic virus (TMV), 3 collagen triple helix 4 and DNA double helix 5 are the results of molecular self-assembly. The design and synthesis of suitable molecular building blocks that can act as potential subunits for desired supramolecular architectures is an active area of current research. Creation of supramolecular helices 6 and β-sheets 7 through the self-assembly of small peptide building blocks have attracted considerable attention in the recent time because of their biological importance in various neurodegenerative diseases such as Alzheimer's disease, 8 Huntington's disease, 9 and prion-protein 10 . Moreover it has been observed that fabrication of various peptide based nanomaterials such as nanotubes, 11 nanorods, 12 and nanowires 13 can be achieved through molecular self-assembly.
Therefore developing easily modifiable molecular scaffolds that will self-assemble to various supramolecular structures is important. In this context we chose a pseudopeptide Gly-m-ABA (m-ABA = m-amino benzoic acid) which on modification at the terminal groups gives different self-assembling peptides such as Boc-Gly-m-ABA-OMe (1), Boc-Gly-m-ABA-OH (2) and + NH 3 -Gly-m-ABA-CO 2 -(3) (Figure 1 ). In 1 both N-and C-terminus are protected, whereas in 2 only N terminus is protected and in 3 both N-and C-terminus are free. The incorporation of maminobenzoic acid in 1-3 may help in self-assembly through π-stacking interactions. Moreover m-aminobenzoic acid which is considered as a substituted γ-amino butyric acid with an all trans extended configuration is expected to provide extended and semi-extended structure in the backbone of the pseudopeptides. It will be interesting to know how the modification of the terminal groups in the pseudopeptide influences the self-assembly in the solid state. The result will provide insights for engineering supramolecular architectures in crystal. The pseudopeptides 1-3 were synthesized by conventional solution phase methodology and their crystal structures were obtained by X-ray diffraction studies. 
Results and Discussion
The colorless orthorhombic crystals of pseudopeptide 1 were obtained from chloroformpetroleum ether mixture by slow evaporation. Pseudopeptide 1 crystallizes with two molecules in the unit cell designated as 1A and 1B. The SCHAKAL diagram of one of the isomers of 1 with atom numbering scheme is presented in Figure 2 (Table 1) . Therefore 1A and 1B are two enantiomeric structures with a bend around Gly residue. In the unit cell the isomers 1A and 1B are inter-linked in antiparallel fashion by two hydrogen bonds between N3A and O5B and between N3B and O5A with donor-acceptor distances of 2.840 and 2.957 Ǻ, respectively, to form a molecular duplex -(1A-1B)-( Figure 3a and Table 2 ). The resulting 10-membered ring between 1A and 1B is nearly planar. In the crystalline state the duplexes -(1A-1B)-are regularly inter-linked via intermolecular hydrogen bonds to form a supramolecular helix along the crystallographic a axis (Figure 3b) . The pattern of self-assembly along the helix axis is found to be -(1A-1B)-(1B-1A)-(1A-1B)-(1B-1A)-. Two adjacent 1A molecules are inter-connected in antiparallel fashion by two intermolecular hydrogen bonds between N6A and O2A with a donor-acceptor distance 2.866 Ǻ (Figure 3a , Table 2 ). Similarly two adjacent 1B molecules are also connected through two intermolecular hydrogen bonds between N6B and O2B with a donor-acceptor distance of 2.896 Ǻ. The resulting 14-membered rings between 1A and 1A and also between 1B and 1B are twisted. This twisted nature of hydrogen bonding incorporates helical sense in the self-assembly to produce supramolecular helical structure. The arrangement is further stabilized by π-π interactions between the phenyl rings of two adjacent 1A and two adjacent 1B molecules ( Figure  3a ,b). The result shows that the self-assembly of a small pseudopeptide can lead to a complex supramolecular architecture such as helix. Table 1 . Selected back-bone torsion angles (deg) in pseudopeptides 1-3 Symmetry equivalents:
a -x +1/2, -y + 3/2, z; b -x + 1/2, -y + 1/2, z; c -x + 1, -y + 1, -z + 1; d -x + 1, -y, -z + 1;
e -x + 1/2, y + 1/2, -z + 1/2; f x + 1, -y + 1/2, z -1/2; g -x + 1, -y, -z; h x, -y + 1/2, z -1/2;
i -x + 1, -y + 1, -z; j x -1, y, z.
The hydrolysis of the methyl ester group at the C-terminus of peptide 1 affords peptide 2 ( Figure 4 ). Due to the presence of free -CO 2 H at the C-terminus, peptide 2 shows a remarkable change in the self-assembly compared to peptide 1. Two molecules of peptide 2 are inter-linked in antiparallel fashion through intermolecular hydrogen bonds between N6-H----O(10)=C to form molecular duplex ( Figure 5a , Table 2 ). The duplexes are further inter-connected through hydrogen bonds between Boc C=O(2) and carboxylic H11-O11 to form supramolecular staircase running infinitely in the same direction ( Figure 5b and Table 2 ). The formation of metal ion directed supramolecular straicase 14 and nanostaircase through self-assembly of conformationally rigid molecular scaffolds have been reported recently. 15 The present result shows that not only rigid molecular scaffolds but also flexible molecule like 2 can form supramolecular straicase through self-assembly. Table 1 ). The incorporation of m-ABA helps to attain a fully extended conformation, which is necessary for β-sheet formation.
In the crystalline state peptide 3 are inter-linked in head-to-tail fashion along the crystallographic a axis through intermolecular hydrogen bonds N1-H1C---O14 between - Table 2 ). The arrays of molecules are further inter-linked along the crystallographic b axis to form layers of peptides stabilized by the hydrogen bond between O4 and N5 with a donor-acceptor distance of 2.882 Ǻ (Figure 7 , Table 2 ). The arrangement is further stabilized by π-π interactions between the phenyl rings and water mediated hydrogen bonds O15-H15A--O14, O15-H15A--O13 and N1-H1B--O15 between -CO 2 -and H 3 + N-( Figure  7 , Table 2 ). Several such layers are cross-linked along the crystallographic c axis through water mediated hydrogen bond O15-H15B--O14 and direct hydrogen bonds N1-H1A--O13 between -CO 2 -and H 3 + N-to form supramolecular β-sheet structure ( Figure 8 , Table 2 ). It is well documented that π-π interactions 16 and β-sheet cross-linking 17 play significant roles in amyloid fibril formation. Supramolecular β-sheets also have many potential applications in material 18 as well as in biological sciences. 
Conclusions
The present study shows that the terminally modified pseudopeptide Gly-m-ABA generates various kinds of building blocks that can self-assemble to different types of supramolecular architectures such as helix, β-sheet and staircase. The protection and deprotection of the N-and C-terminal groups of the pseudopeptide influence the pattern of self-assembly significantly. The gradual removal of protecting groups from 1 to 3 produces more number of donor and acceptor groups which can participate in fabricating supramolecular structures through hydrogen bond mediated self-assembly. The study provides valuable insights for engineering supramolecular architectures in crystal.
Experimental Section
Synthesis of peptides. The peptides 1-3 were synthesized by conventional solution phase methods. 20 The Boc group was used for N-terminal protection, and the C-terminus was protected as a methyl ester. Deprotection of N-and C-terminus were performed by using CF 3 COOH and saponification, respectively. Couplings were mediated by dicyclohexylcarbodiimide (DCC). All peptides were characterized by thin layer chromatography on silica gel and purified by column chromatography using silica gel (100-200 mesh) as the stationary phase. The reported peptides 1-3 were fully characterized by X-ray crystallography, NMR and IR spectroscopy.
Peptide Boc-Gly-m-ABA-OMe (1). Boc-Gly-OH (2.0 g, 11.4 mmol) was dissolved in dichloromethane (DCM, 10 ml) in an ice-water bath. m-ABA-OMe obtained from its hydrochloride 13, 14 (4.3 g, 22.9 mmol) was added to it, followed by DCC (3.5 g, 17.2 mmol). The reaction mixture was stirred at room temperature for 1 day. The precipitated dicyclohexylurea (DCU) was filtered. The organic layer was washed with 1 M HCl (3 x 30 mL), 1 M Na 2 CO 3 solution (3 x 30 mL) and water. Peptide Boc-Gly-m-ABA-OH (2). Peptide 1 (3.2 g, 10.4 mmol) was dissolved in methanol (25 mL) and 2 M NaOH (7 mL) was added to it. The reaction mixture was stirred for 24 hr at room temperature. The progress of the reaction was monitored by TLC. After completion of the reaction methanol was evaporated. The residue was dissolved in water and washed with diethyl ether. The aqueous layer was cooled in ice-bath, neutralized with 2 M HCl and extracted with ethyl acetate. The solvent was evaporated in vacuo to give a white solid. Yield: 2.75 g (90.1%). Purification was done using silica gel as stationary phase and ethyl acetate-petroleum ether mixture as the eluent. Single crystals were grown from ethyl acetate by slow evaporation and were stable at room temp. 
